Escherichia coli can respire anaerobically using either trimethylamine-N-oxide (TMAO) or dimethyl sulfoxide (DMSO) as the terminal electron acceptor for oxidative phosphorylation. To determine whether the regulation of the dmsABC genes, which encode a membrane-associated TMAO/DMSO reductase, are transcriptionally controlled in response to the availability of alternate electron acceptors, we constructed an operon fusion between the dmsA gene, along with its associated regulatory region, and lacZ+. Expression of dmsA'-lacZ was stimulated 65-fold by anaerobiosis versus aerobiosis, while nitrate caused a 12-fold repression. Its expression, however, was unaffected by the presence of the alternate electron acceptors DMSO, TMAO, and fumarate. Anaerobic induction of dmsA'-lacZ was defective in an fnr mutant, thus establishing that Fnr is responsible for anaerobic activation of dmsABC. Repression of dmsA'-lacZ expression by nitrate was independent of oxygen and was shown to be mediated by the products of two genes, narL (frdR2) and narX. dmsA'-lacZ expression was also altered in chiD strains that are defective in molybdenum transport but not in chlA and chlE strains that are defective in molybdo-pterin cofactor biosynthesis, thus establishing that the molybdenum ion but not the ability to form a functional cofactor is required for regulation. Molybdenum was required both for complete induction of dmsA'-lacZ expression during anaerobic growth and for complete repression of dmsA'-lacZ by nitrate. Additionally, expression of dmsABC varied depending on the carbon source. Expression was highest when cells were grown on sorbitol.
Eschedwichia coli can respire aerobically or anaerobically by using a variety of terminal electron acceptors for electron transport-coupled oxidative phosphorylation (8) . These compounds include, in order of decreasing potential energy, oxygen, nitrate, dimethyl sulfoxide (DMSO), trimethylamine-N-oxide (TMAO), and fumarate (8) . It has been suggested that E. coli regulates the utilization of these compounds on the basis of the amount of energy potentially available in order to generate maximum cellular energy (9, 13, 28) . Production of nitrate reductase and fumarate reductase enzymes is repressed in cells grown in the presence of the preferred electron acceptor 02. Whereas nitrate reductase is only produced in cells grown anaerobically in the presence of nitrate, fumarate reductase is optimally produced in cells grown in the absence of both 02 and nitrate (5, 14) . Levels of TMAO reductase activity also vary in response to oxygen and nitrate (25, 31, 32) . However, as there are at least four TMAO reductases in E. coli (25) , the contribution of each enzyme to the overall observed regulated activity cannot be determined by assaying total cellular TMAO reductase activity.
The genes encoding one of the TMAO reductases, drnsABC were recently isolated and shown to be located at 20.0 min on the E. coli genetic map (1, 3) . The enzyme contains three polypeptides of 82.6, 23.6, and 30.8 kilodaltons in size and has both molybdenum and nonheme ironsulfur cofactors (3, 33) . It exhibits a broad substrate specificity, with the ability to reduce both TMAO and DMSO plus a number of other amino-N-oxides and sulfoxides (33) . It has been suggested that this membrane-associated enzyme is responsible for both the DMSO and TMAO reductase activities involved in anaerobic respiration (3) , although other * Corresponding author. TMAO reductase enzymes have been identified in cell extracts.
Expression of the genes encoding the other anaerobic respiratory enzymes, nitrate reductase (nacrGHJI) and fumarate reductase (ficdABCD), is controlled in response to the availability of both oxygen and nitrate. Each operon is positively regulated by the Jif gene product, Fnr, in response to low oxygen tension (14, 28) . Nitrate control of these operons is independent of 0, and has been shown to involve at least two other genes, iarL (previously reported as f]idR2) (7, 10, 15, 28) and nar-X (previously reported as fl(iaR [7] ) (15, 16, 29) . When cells are grown in the presence of nitrate, Ji-dABCD operon expression is negatively regulated by the n1arL and na(lrX gene products whereas the narii-GHJI operon is under positive control of these two regtulatory genes (10, 15, 16, 28) .
Molybdenum has also been shown to be involved in nitrate regulation of the jfidABCD and nar-GHJI operons (11, 22) . In chlii) mutants, which are defective in molybdenum transport (12) , repression of fi-dABCD and induction of narGHJI by nitrate is defective (11, 22) . Two other genes, (h1A and chlE, are involved in the biosynthesis of a molybdenum cofactor (18) . Molybdoenzymes, such as nitrate reductase, formate dehydrogenase, and biotin sulfoxide reductase, are inactive in chiA and (hlE mutants (4, 6) . Likewise, Takagi et al. (31) have shown TMAO reductase activity to be lacking in c/hiA and chlE mutants (31) . We reasoned that dmnsABC expression might be regulated at the transcriptional level in response to the availability of molybdenum and/or the ability to synthesize the molybdenum cofactor.
To determine whether E. coli regulates the expression of the dmnsABC genes in response to the availability of the alternate electron acceptors and whether this regulation, if present, is under control of the fiu, narL, and narX gene products, we constructed a drnsA'-/acZ operon fusion and transferred to the lambda transducing phage XRS45 as previously described (27) . A high-titer lysate of phage containing the dinsA'-luaZ fusion was used to lysogenize MC4100 (26) . Blue colonies were identified on L-X-Gal plates, and P-galactosidase levels were determined to differentiate single fi-om multiple lysogens. A single lysogen was selected and designated MC4100(APC25). By similar methods, XPC25 was introduced into the chromosome of PC28, PC27, and LK4441, strains defective in narL, narX, and chf!D, respectively. Strain RK4353 is MC4100 but gvrA. Strains RK5200, RK5201, and RK5202 are isogenic with RK4353 but are defective in u/I/A, chlE, and chilD, respectively, due to a Mu (ts insertion at these loci. These strains were lysogenized with XPC25 in the same manner described above except all incubations were carried out at 30°C so as not to induce the resident temperature-sensitive Mu prophage.
Strain PC1OO(APC25) was created by transferring the Jfr-250 allele from RG100 into MC4100(APC25) via P1-mediated transduction (26) . RG100 contains a Tn/O that is 90% linked to fir. Transductants were selected for Tc' and then screened forfiir-250 by the inability to grow anaerobically on minimal-glycerol-nitrate plates.
Cell growth. For strain, phage, and plasmid constructions, cells were grown in Luria broth or on solid media. When required, ampicillin was added to the medium in a concentration of 80 mg/liter and tetracycline or X-Gal was added at a concentration of 40 mg/liter. For the P-galactosidase assay, cells were grown in glucose (40 mM) minimal medium (pH 7.0) (13) . When indicated, 40 mM sodium nitrate (pH 7.0), 40 mM TMAO (pH 7.0), 40 mM DMSO (pH 7.0), 40 mM potassium fumarate (pH 7.0), and/or 10' M sodium molybdate was added to the growth medium. For assay of ,Bgalactosidase in cells grown on various carbon sources, glucose was substituted with 40 mM glycerol, sorbitol, or xylose. Cyclic AMP was added to a concentration of 10 mM when indicated. Anaerobic growth was performed in 10-mI anaerobe tubes fitted with butyl rubber stoppers. The medium was made anaerobic by boiling and cooling under a stream of nitrogen, and then it was dispensed anaerobically into nitrogen-flushed tubes. Cultures were incubated at 37 or 30°C as indicated. Aerobic growth was performed in 15 ml of medium in 150-ml flasks with loose-fitting caps; the flasks were shaken vigorously (380 rpm) at 37°C. We found that results obtained by using this method of culture were identical to those obtained when using 2-liter baffled flasks (13) , and therefore cells were grown in the smaller flasks for all experiments reported here. Flasks or bottles of the indicated medium were inoculated from overnight cultures grown under identical conditions; the cultures were allowed to double four to five times and were harvested in mid-exponential phase (an optical density at 600 nm of 0.40 to 0.45; Kontron Uvikon 810 spectrophotometer) before harvest.
,-Galactosidase assay. P-Galactosidase assays were performed as previously described (15) . Protein concentration was estimated by assuming that a cell density of 1.4 at an optical density at 600 nm is equal to 150 jLg of protein per ml (20 (Fig. 1) . Restriction analysis confirmed that the plasmid, designated pPC25, was constructed as indicated.
Transfer of the dmsA'-lacZ operon fusion to the chromosome of E. coli. The dhnsA'-/acZ operon fusion contained on pPC25 was transferred to lambda phage XRS45 (27) so that its expression could be measured in single copy on the bacterial chromosome. Transfer of the dhnsA'-/acZ fusion to XRS45 occurred by homologous recombination as described previously (27) . The Effect of fnr, narL, and narX on dmsA'-lacZ expression. A number of E. uoli mutants known to affect the expression of other respiration-associated operons were tested for their effect on the expression of the cdmsA'-lacZ operon fusion. The fiir gene product has been shown to activate transcription of several respiration-associated operons in response to anaerobiosis (14, 28) . Wild-type induction of dmnsA'-lacZ expression during anaerobiosis was completely lost in anjfir mutant (Tables 2 and 3 ). The nar-L and ntirX gene products are known to be involved in nitrate control of fumarate reductase (ftdABCD) and nitrate reductase (nalrGHJI) gene expression (7, 15, 16, 28, 29) . In the n,wrL and ntiarX mutants, repression of dmnsA'-1acZ transcription was only 1.4-and 1.8-fold, respectively, compared with the 12-fold repression seen in the wild-type strain. Levels of ,B-galactosidase in cells grown in the presence of the alternate electron acceptors TMAO, fumarate, and DMSO did not vary significantly in any of these mutant strains.
Genes involved in molybdenum transport and cofactor synthesis regulate the expression of dmsABC. A number of E. coli uhl ( Table 2 as follows: oxygen, anaerobic/aerobic; all others, anaerobic/ (anaerobic plus the indicated electron acceptor). expression between the strains, the responses to nitrate and molybdenum availability were similar to those seen in the MC4100-derived strains).
Regulation of dmsA'-lacZ by alternate electron donors. To determine whether dmsABC expression varied in response to the carbon compound used for cell growth, we assayed f3-galactosidase levels in MC4100(APC25) following growth on glucose, glycerol, sorbitol, or xylose. dmsA'-lacZ expression was elevated two-to threefold when cells were grown on sorbitol relative to growth on the other compounds (Table  5) . Expression was increased modestly during growth on glycerol relative to growth on glucose. To determine whether this effect is due to catabolite repression, we measured f-galactosidase levels in cells following growth on glucose plus cAMP (10-2 M). When cAMP was added, dmsA'-lacZ expression was actually slightly lower (10%) relative to growth on glucose alone. 
DISCUSSION
To examine the regulation of the dnisABC genes, which encode one of at least four TMAO reductases in E. (oli, independently of the other TMAO reductase activities in the cell, an operon fusion was constructed between the regulatory region of dinsA and a promoterless /(acZ' gene. This dmsA'-/acZ fusion was then introduced in single copy onto the E. coli chromosome and analyzed under a variety of cell growth conditions. DMSO and TMAO, two substrates of the reductase, did not induce expression of the dmnsABC genes. This is consistent with the results of Bilous and Weiner (2) which show that DMSO reductase activity is not increased in cells grown in the presence of either DMSO or TMAO. However, these genes are transcriptionally regulated by the presence of either of the alternate and preferred electron acceptors, oxygen and nitrate. Fumarate. whose reduction yields less potential energy than DMSO and TMAO, did not effect dinsABC expression.
Anaerobiosis stimulated linsABC expression 65-fold. Fnr, a global regulatory protein which positively activates the transcription of other respiratory genes in response to anaerobiosis, was shown to be responsible for this anaerobic induction. While others have shown that nr is required for DMSO reductase activity (2) , we have shown that fiJh is required for activation of transcription of the dm.sABC genes specifically. No repression of dmn.sABC expression was seen aerobically by the Jnj-gene product (Tables 2 and 3 ). Activation of dmnsABC expression during anaerobic cell growth is thus similar to that observed for other respiration-associated genes fi-dABCD and ncarGHJI (5, 13, 14) .
Addition of nitrate to the anaerobic culture medium resulted in 12-fold repression of dcinsABC expression. We have shown that this repression is mediated by the narlL and na(iX gene products (Tables 2 and 3 ). These two regulatory genes, which are presumed to constitute a two-component regulatory system because of amino sequence homology with other pairs of sensory-transduction proteins (7, 24) , are also necessary for transcriptional control of the fidABCD and narGHJI operons in response to nitrate but with opposite effects (15, 16, 28, 29 (23. 34) . Further studies are required to elucidate the mechanism responsible for this control.
The role of each of the cellular TMAO reductases in E. coli has not been determined. The TMAO/DMSO reductase encoded by the dmsABC genes is apparently important for anaerobic respiration, allowing E. coli to utilize TMAO and DMSO as terminal electron acceptors (2) . We have shown that it is regulated by the same mechanisms as those that regulate the frdABCD and narGHJI operons in response to the availability of oxygen, nitrate, and molybdenum. One other gene encoding a TMAO reductase, torA, which is located at 29 min on the E. coli genetic map, has been studied by using Mu d(lac) fusions (21) . Regulation of torA differs from that of dmsABC in that toJA expression is induced by TMAO anaerobically and is unaffected by mutations in either narL orfnr (21) .
The regulatory pattern of dmsABC expression is only partly consistent with a proposed hierarchical global regulation of respiration-associated operons whereby the compound which yields the greater cellular energy is used preferentially over other compounds whose reduction yields potentially less free energy. DMSO [-67 kJ/molJ) (assuming NADH as the electron donor). We have shown that dmsABC is optimally transcribed in the absence of the preferred electron acceptors oxygen and nitrate and is unaffected by the presence of fumarate. There is no evidence suggesting a hierarchical regulation of respiration-associated operons by DMSO, TMAO, or fumarate. Thus, while E. coli clearly regulates the synthesis of the TMAO/DMSO reductase encoded by dmsABC in response to the availability of the preferred electron acceptors oxygen and nitrate (viafnr, narL, and narX), mechanisms to sense and respond to the availability of DMSO, TMAO, and fumarate have apparently not evolved. Similarly, frdABCD transcription is not regulated by the presence of TMAO and is induced only slightly by fumarate (13) . We are currently examining whether dmsABC encodes the only TMAO reductase involved in anaerobic respiration.
